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INTRODUCTION
Although the fetal and maternal blood circulations are separated, numerous studies have demonstrated the passage of cells across the fetal-maternal interface in either direction. These observations took place in humans as well as in mice, both species presenting a hemochorial placenta.
In humans, the passage of fetal cells or DNA into the maternal circulation was detected by procedures designed to develop noninvasive prenatal diagnosis [1] [2] [3] [4] . The longterm persistence of low numbers of fetal hematopoietic progenitors in the maternal peripheral blood, even for decades, has been demonstrated [5] , and it has been proposed that this microchimerism could be playing a role in the development of autoimmune diseases [6] [7] [8] [9] . The reverse transfer of nucleated maternal cells [10] [11] [12] [13] , DNA [14, 15] , or antibodies [16] into the fetal circulation and organs [17] has also been described. If antibodies are important to confer a protective immunity to the newborn, it appears that, in some cases, specific maternal antibodies are able to induce autoimmune diseases, such as autoimmune ovarian disease or autoimmune diabetes [18, 19] .
Moreover, the presence of maternal leukocytes in the fetal circulation might be a significant risk when umbilical cord blood is used for bone marrow transplantation [20] [21] [22] . The transmission of maternal cells could also be responsible for the vertical transfer of infectious agents, such as HIV-1 [23, 24] . The transfer of a natural killer-cell lymphoma from mother to fetus has also been described [25] . Engraftment of maternal cells has been reported in immune-deficient children [26, 27] as well as in normal offspring, where maternal cells can persist for decades [28] . It has been postulated that these maternal cells could play a role in the pathogenesis of juvenile inflammatory myopathies [29] .
If maternal microchimerism seems to have adverse consequences, it might also present beneficial ones. Thus, the migration of maternal cells into the fetus can induce it to become tolerant to its noninherited maternal antigens (NIMA) and contribute to the partial immunological tolerance observed in the adult [30] . In 1988, Claas et al. [31] observed that half of highly sensitized patients, waiting for a renal allograft and producing anti-human leukocyte antigens (HLA) antibodies that react with virtually all donors do not form antibodies to NIMA. In 1998, Burlingham et al. [32] studied the outcome of kidney transplantations between haplo-identical siblings. They found that the graft survival of kidneys, donated by haplo-identical siblings mismatched for the NIMA haplotype, was similar to that of kidneys donated by an HLA-identical sibling [32] . A recent study from Andrassy et al. [33] showed that mice exposed to noninherited maternal H-2 d alloantigens tolerated H-2 d -bearing heart or skin grafts much longer than control animals nonexposed to NIMA H-2 d . The authors suggested that exposure to NIMA during gestation and lactation inhibited anti-NIMA T cell responses in the offspring, thus predisposing it to NIMA-specific transplantation tolerance as an adult. This hypothesis implies that the immune repertoire is shaped not only by self-MHC antigens but also by NIMA carried by maternal cells entering the offspring.
Previous studies on the frequency of maternal cell traffic into the fetus did not encompass the entire gestation and postnatal periods and yielded somewhat inconsistent results, possibly due to differences in the methods of analyses used [10-13; 34] .
In the present work, we have used EGFP (enhanced green fluorescent protein)-transgenic (Tg) mice [35] [36] to track maternal cells within the offspring. We have determined the frequency of maternal cell passage into the fetus, the gestational stage of this traffic, the localization and the nature of some maternal cells, and the importance of genetic differences between mother and fetus in this process.
We then addressed the question of the influence of these maternal cells on developing B lymphocytes. We have used 3-83 BcR (B cell receptor)-Tg mice, whose B lymphocytes recognize H-2K k and H-2K b MHC class I antigens with high and lower affinities, respectively [37] . BcR-Tg fetal and neonatal B lymphocytes exposed to noninherited maternal H-2K k or H-2K b antigens were studied and compared with their BcR-Tg counterparts nonexposed to NIMA during gestation and lactation.
MATERIALS AND METHODS

Mice
EGFP-Tg mice (on C57Bl/6 background) were provided by M. Okabe (Genome Information Research Center, Osaka, Japan) [35] . EGFP/ϩ females were crossed with C57Bl/6 (H-2 b ) or FvB (H-2 q ) males. The EGFPTg mice on ICR background were provided by A. Nagy (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Canada) [36] . EGFP/ϩ females were crossed with ICR males. The non-Tg progeny was analyzed to detect EGFP-Tg maternal cells. Mice were bred and maintained at the J. Monod Institute's facilities under specific pathogen-free conditions for the animals used in the NIMA experiments. All animal care and handling were performed according to institutional guidelines. The day of the vaginal plug was considered as Day 0.5 of gestation.
Detection of the EGFP Maternal Transgene in the Progeny
Cell suspensions. Fetuses were carefully harvested and washed several times in PBS to avoid maternal cell contaminations. Nucleated cell suspensions were prepared from various organs of individual mice: fetal liver (FL) from Embryonic Day 13.5 (E13.5) to E14.5; FL, thymus, and spleen from E15.5 until birth; bone marrow (BM), thymus, and spleen at weaning (3 wk); BM, thymus, spleen, and peripheral blood in young adults (6 wk). Heparinized blood was obtained from anesthetized animals by intracardiac puncture. BM samples were flushed from the femurs and tibias with 4% fetal calf serum (FCS) in PBS. Spleen, thymus, and FL were gently pressed through a sieve using a syringe plunger and then suspended in this medium. Erythrocytes were eliminated from blood, spleen, and FL cell suspensions by osmotic shock in lysing buffer (0.17 M Tris and 8.3 g/L ammonium chloride, mixed 1/9 [v/v], pH 7.3). Viable cells were counted by Trypan blue exclusion. Cells resuspended in 199 tissue-culture medium, with 25 mM HEPES, 5% FCS, 5% normal mouse serum Ig to block Fc receptors, were used for panning experiments, and DNA was directly isolated from the remaining cell suspensions.
Panning. Tissue-culture Petri dishes were coated overnight (ON) at 4ЊC with purified monoclonal antibodies (mAbs) in PBS. The following mAbs were used: 14.8 (rat/anti-B220, 3 g/ml), 145-2C11 (hamster/anti-CD3, 20 g/ml), and PK136 (mouse/anti-NK1.1, 20 g/ml). Plates were washed three times with PBS, and cell suspensions (10 6 cells/ml) were then incubated for 1 h at room temperature (RT). Nonretained cells were gently removed and retained cells were harvested by vigorous washing. DNA was isolated from each population. The purity of the retained cells was controlled by cytometry analysis and was over 90%.
Nested PCR. In order to detect the maternal EGFP transgene, PCR analyses were performed in a final volume of 25 l containing 100 ng of purified genomic DNA in PCR MgCl 2 -free buffer (Promega, Paris, France), 1/5 of Cresol Red (60% sucrose, 1 mM Cresol Red), 1.5 mM of MgCl 2 , 0.2 mM of each dNTP, 1 M of the following primers specific for the EGFP transgene: 5Ј TGGTGAGCAAGGGCGAGGAG 3Ј and 5Ј TCAGGTAGTGGTTGTCGGGC 3,Ј; 1 U of Taq DNA polymerase (Promega), under the following conditions: a 1-min denaturing step at 94ЊC followed by 40 amplification cycles (1 min at 94ЊC, 1.5 min at 66ЊC, 1 min at 72ЊC), and a final 10-min elongation step at 72ЊC. Two microliters of the amplification products were then reamplified in PCR MgCl 2 -free buffer, 2 mM MgCl 2 , 1/5 Cresol Red, 0.2 mM of each dNTP, 1 M of the following primers: 5Ј TTCAAGGAGACGGCAACTA 3Ј and 5Ј ATGGGGGTGTTCTGCTGGTA 3,Ј, 1 U of Taq DNA polymerase as follows: 1 min at 94ЊC, 30 amplification cycles (1 min at 94ЊC, 1.5 min at 62ЊC, 1 min at 72ЊC) and 10 min at 72ЊC. The size of the amplification product was 269 base pairs.
Influence of NIMA on B Lymphocyte Development Cell suspensions. According to the developmental stage studied, cells were isolated from either the FL or BM and spleen of individual mice. Cell suspensions were obtained as described above in PBS containing 4% FCS and 0.1% sodium azide (PBS/FCS/NaN 3 ). Viable cells were counted by Trypan Blue exclusion.
Immunofluorescence staining and flow cytometric analyses. Commercial antibodies were purchased from Pharmingen (Le Pont de Claix, France). Aliquots of 10 6 nucleated cells were incubated for 40 min at 4ЊC with an optimal amount of the following antibodies: mAb anti--light chain coupled to FITC, polyclonal goat antimouse IgM antibodies coupled to FITC (Southern Biotechnology Associates, Montrouge, France), and biotin-coupled mAbs: anti-H2-K b AF6-88.5, anti-H2-K d SF1-1.1, anti-H2-K k 36-7-5, anti-IgD a , anti-B220, anti-3-83 idiotype 54.1 (prepared according to conventional techniques). Cells were washed twice in PBS/FCS/ NaN 3 . Biotinylated antibodies were revealed by incubating cells for 20 min at 4ЊC with phyco-erythrin (PE)-coupled streptavidin. After washing, cells were analyzed on an Epics Elite-ESP flow cytometer (BeckmanCoulter, Roissy, France) equipped with a 488-nm argon laser (Coultronics, Margency, France). The cell populations analyzed were gated on the lymphoid cell population on the basis of forward and side-scatter criteria. At least 10 000 IgM or B220-positive cells were analyzed from each sample.
BrdU labeling. BrdU (Sigma, Saint Quentin Fallavier, France) was administered continuously for 65 or 90 h to mothers in filtered, deionized drinking water at a concentration of 1 mg/ml with 5% glucose to overcome taste aversion. Cell suspensions were first labeled with mAb anti-B220 coupled to biotin and revealed by streptavidin PE. After fixing for 30 min in ice-cold 95% ethanol, cells were washed and permeabilized for 30 min at RT in 1% paraformaldehyde/0.01% Tween 20 in PBS. Cellular DNA was then denatured for 10 min at RT, using 10 M HCl and 50 U of Dnase I. After two washes, cells were stained for 30 min at RT with FITCconjugated anti-BrdU mAb (DAKO, Trappes, France). After washing, cells were resuspended and analyzed by flow cytometry.
Caspase-3 activity in B cells. Cells (5 ϫ 10 5 ) stained with mAb anti-B220 coupled to biotin and revealed by streptavidin-PE were pelleted, resuspended in 10 l of PhiPhiLux (DEVD-rhodamine; Calbiochem, Fontenay-sous-Bois, France), and incubated for 1 h at 37ЊC. The reaction was stopped by adding 1 ml of PBS/FCS/NaN 3 followed by centrifugation. Cells were resuspended in PBS/FCS/NaN 3 and analyzed immediately by flow cytometry. The frequency of cells containing active caspase-3 was determined by monitoring the increase of free rhodamine fluorescence.
Immunocytochemical analysis. E18.5 and 8.5-day-postpartum (dpp) spleens were removed, fixed in 4% paraformaldehyde in PBS for 1 h at 4ЊC and incubated ON at 4ЊC in 25% saccharose in PBS. They were embedded in Cryomatrix (Shandon, Eragny, France) and quickly frozen in liquid nitrogen. Six-micron cryosections (Leica, France) were placed on Superfrost-plus slides (CML, Nemours, France) and stored at Ϫ80ЊC. ) males, outbred EGFP-Tg ICR females ϫ ICR males. Fetal liver, thymus, and spleen were harvested before birth, and bone marrow, thymus, and spleen after birth. A) Nested PCR specific for the maternal EGFP transgene was performed on DNA extracted from the various organs. Frequency represents the ratio of the number of PCR-positive samples versus the total number of samples for each organ at every stage or age. For each cross, the size of the samples was as follows: n Ն 20 E13.5-14.5 fetuses obtained from 4 mothers, n Ն 80 E15.5 to birth animals obtained from 15 mothers, n Ն 12 at weaning (3 mothers) and n Ն 10 adults (from 3 mothers). B) B, T, or NK cells from the offspring's primary lymphoid organs were isolated by panning using specific monoclonal antibodies (14.8 anti-B220, 145-2C11 anti-CD3, and PK136 anti-NK1.1). DNA extracted from purified cells was amplified using nested PCR specific for maternal EGFP transgene. Frequency was determined as above. For each cross, the size of the samples was as follows: n Ն 10 E13.5-14.5 fetuses (from 2 mothers), n Ն 42 E15.5-birth (from 10 mothers), n Ն 12 at weaning (from 3 mothers), and n Ն 10 adults (from 3 mothers).
France) for 50 min at RT. After washes, the peroxidase activity was detected with 3-amino-9-ethyl-carbamazole into acetate buffer (pH 5) (AEC Staining Kit; Sigma). After counterstaining for 1 min with Mayer hematoxylin solution and washes, the slides were mounted in Immu-mount (Shandon) with coverslips, and examined under a light microscope (Leica) equipped with a DMX 1200 camera (Nikon France) and connected to a computer equipped with Lucia v4.5 software.
Statistical Analyses
Data were compared using the 2 test, the Fisher test for small samples, or the Student t-test.
RESULTS
EGFP-Tg Maternal Cells Gain Access to Fetal Organs During Gestation/Lactation and Persist Until Adulthood
To follow EGFP-Tg maternal cells into the offspring, EGFP-Tg/ϩ females were mated with non-Tg males. Three different crosses were analyzed: syngeneic mating, EGFP/ ϩ C57/Bl6 (H-2 b ) female ϫ C57/Bl6 (H-2 b ) male; allogeneic mating, EGFP/ϩ C57/Bl6 (H-2 b ) female ϫ FvB (H-2 q ) male; and outbred mating, EGFP/ϩ ICR female ϫ ICR male. This enabled us to study the effect of histocompatibility differences between mothers and fetuses on the passage of maternal cells into the progeny. Hematopoietic organs of individual offspring were harvested from Day E13.5 until birth, at 3 wk (weaning), and 6 wk of age (young adult). Special care was taken to avoid contamination by maternal cells during fetus manipulation. The DNA of each organ was extracted, and the EGFP transgene was detected using a nested PCR assay. The sensitivity of the assay was estimated by diluting EGFP/ϩ cells into non-Tg cell suspensions at ratios ranging from 1/5 to 1/10 6 . EGFP/ ϩ cells were still reproducibly detectable when they represented 1/10 5 cells, but not 1/(5 ϫ 10 5 ) or 1/10 6 (data not shown).
Results are presented in Figure 1A . In all three crosses, EGFP maternal cells were detected as early as E13.5-14.5 in the fetal liver, which is the hematopoietic organ until birth, in 9% (syngeneic and allogeneic) to 22% (outbred) of the fetuses. After E15.5, maternal cells were found in greater frequency in syngeneic offspring. They were preferentially localized in the fetal liver (42% of the fetuses) and less often in the thymus (25%) or spleen (10%). No selective localization was observed in the two other matings (18% of fetal livers, 14% of thymus, and 8% of spleens in allogeneic pregnancies; 31% of fetal livers, 22% of thymus, and 25% of spleens in outbred pregnancies). Our results indicate that the passage of maternal cells is a common phenomenon in normal gestation and that antigenically different cells are less able to migrate into the fetus or that they are more easily eliminated in the progenies.
To examine the extent of maternal cell persistence, organs were tested for the presence of the maternal EGFP transgene at different times after birth. At weaning, maternal cells were still detectable but more often in syngeneic or allogeneic matings than in outbred ones. They localized preferentially in the BM and thymus (46% and 38% in syngeneic; 43% and 43% in allogeneic; 25% and 25% in outbred crosses) and were observed in about 20% of the spleens in all three matings (23%, 26%, and 17%, respectively). Although the present study did not distinguish between transplacental transfer and cell passage through milk feeding, our observations suggest that 1) either the transfer of maternal cells also occurs via milk or that maternal cells engraft and divide in the progeny, especially in primary lymphoid organs such as BM and thymus; and 2) engraftment is facilitated in syngeneic or allogeneic offspring compared with outbred ones. This suggests that haploidentical cells can persist as well as identical ones in the progeny, whereas more maternal cells are eliminated by the outbred offspring's immune system, even though they persist in 25% of organs.
Maternal cells were very commonly found in young syngeneic and allogeneic adults, which supports the engraftment hypothesis. EGFP cells were found in 69% to 80% of the primary lymphoid organs (BM and thymus) despite the absence of a source of maternal cells between 3 and 6 wk of age. Maternal cells were also observed in 30% of the spleens as well as in peripheral blood in 30% to 38% of the offspring. In outbred progeny, maternal cells were detected mainly in BM and peripheral blood (40% and 38% of animals, respectively) and were very rare in spleen (6%) and thymus (12%) compared with the two other matings. This confirms the observations made at weaning and suggests that maternal cells can also persist at low range and engraft in fully mismatched offspring. 
Maternal Cells Found in the Offspring Include B and T Lymphocytes and Natural Killer Cells
Previous studies have suggested that maternal cells found in the progeny included lymphoid cells [13, 34] . Panning experiments were carried out to specifically isolate B, T, and natural killer (NK) cells from offspring's lymphoid organs (fetal liver and fetal thymus, BM, and thymus postpartum). The EGFP transgene-specific nested PCR was then applied to these purified cell samples to detect maternal cells. Results are presented in Fig. 1B . As maternal cells did not exhibit any preferential localization, the results obtained from fetal liver and thymus, or from BM and thymus, were pooled.
In syngeneic crosses, maternal cells were detected at low frequencies during gestation. Only T cells were recovered from 17% of fetal organs at E13.5-14.5. This percentage was maintained until weaning and fell in young adults. Between E15.5 and birth, B and NK cells were observed, in 11% and 26% of the organs, respectively. These frequencies reached 50% of young-adult organs.
No immune maternal cells were detected at E13.5-14.5 in allogeneic animals, and they remained very rare from E15.5 until birth, with a maximum of 6% for NK cells in fetal organs. After birth, the frequency of detection of immune maternal cells in offspring's organs rose regularly to reach 40% for T and NK cells and 60% for B cells in young adults. These results suggest that maternal immune cells preferentially gain access to the neonate during lactation or that they are able to engraft and divide in lymphoid organs of syngeneic and allogeneic offspring.
In outbred progeny, very few maternal lymphoid cells were detected at E13.5-14.5, except for T cells in 17% of the fetuses. After E15.5, B, T, and NK cells were found in less than 20% of the organs studied, whatever the gestational stage or the mouse age. Maternal immune cells were detected in 10% of young-adult organs, and thus, they seem to have a limited capacity to engraft in these animals.
Thus, it appears that maternal cell microchimerism occurs regularly in normal pregnancy and can persist until adulthood. This raises the question of the potential role of these maternal cells in the offspring. Maternal cells, including mature immune cells expressing high levels of antigens and, in particular, MHC antigens, which have not been inherited by the fetus, could influence the developing fetal and neonatal immune system. Using the BcR 3-83 /␦ Tg mouse model, we have studied the effect of NIMA on fetal and neonatal B lymphocytes.
3-83 Tg Mouse Model
We first analyzed the effect of H-2K k NIMA exposure on the development of the progeny's B lymphocytes. The On Day 18.5 postcoitum (dpc), the percentage of immature B cells (IgM ϩ IgD aϪ ) specific for NIMA was decreased by 67% in the fetal liver and by 41% in the spleen from NIMA-exposed fetuses compared with controls (Figure 2A ; P Ͻ 0.001). Thus, fetal immature B cells specific for NIMA were partially deleted during gestation. This partial deletion also affected mature B cells as the percentage of IgM ϩ IgD aϩ cells was decreased by 28% in the liver and spleen of NIMA-exposed fetuses compared with controls ( Fig. 2A ; P Ͻ 0.01). Moreover, numbers of immature and mature B cells decreased similarly in NIMA-exposed fetuses (data not shown). This disappearance of B cells specific for NIMA was also observed in idiotype-positive B cells (data not shown). Percentages and numbers of B220 ϩ B cells were also diminished in NIMA-exposed fetuses (data not shown). This indicates that the deficit of B cells in NIMA-exposed animals is not due to the modulation of the BcR from the cell surface because the B220 B cell marker is independent from the BcR.
It appears that the remaining mature liver and spleen B cells had encountered the NIMA as their surface IgM (sIgM) were reduced by 18% ( Fig. 2B ; P Ͻ 0.05). This suggests a process of anergy, already described as a mechanism for autoreactive B cell to escape elimination. In con- k NIMA-exposed fetuses. A) BrdU was given to the mothers in the drinking water from 15.5 days postcoitum (dpc). Liver and spleen B cells from E18.5 3-83 BcR-Tg H-2K d/d fetuses exposed or nonexposed to maternal H-2K k were stained with anti-B220 and antiBrdU antibodies and analyzed by flow cytometry. n NIMA-exposed ϭ 8 from 4 mothers; n control ϭ 10 from 2 mothers. ***, P Ͻ 0.001; Student t-test. B) Liver and spleen B cells from E18.5 3-83 BcR-Tg H-2K d/d fetuses exposed or nonexposed to maternal H-2K k were stained with anti-B220 antibody, incubated with DEVD-rhodamine, and analyzed by flow cytometry. n NIMAexposed ϭ 8 from 2 mothers; n control ϭ 11 from 3 mothers. **, P Ͻ 0.01; ***, P Ͻ 0.001; Student t-test.
trast, liver and spleen immature B cells were not affected, as their sIgM mean fluorescence index (MFI) were identical to those of control fetuses (Fig. 2B) .
These results were confirmed as early as E16.5, when we observed a 56% decrease in fetal liver immature B cell percentages in NIMA-exposed fetuses compared with controls (P Ͻ 0.01; data not shown). At this stage, mature B cell percentages were not affected, but the 25% decrease in their sIgM MFI (P Ͻ 0.001; data not shown) indicated that they had also encountered the antigen.
To visualize the disappearance of B cells in H-2K d/d fetuses exposed to the maternal H-2K k antigen, cryosections of E18.5 spleens were stained with the anti-idiotypic 54.1 mAb. Representative sections of spleen obtained from fetuses nonexposed (Fig. 2C ) or exposed to the maternal H-2K k antigen (Fig. 2D) showed that 54.1-positive cells were scattered in the central part of the spleen. However, in NIMA-exposed fetuses, these cells were less numerous. To quantify these differences, 54.1 ϩ cells were counted in 300-m ϫ 220-m areas. The mean number of 54.1 ϩ cells per area was significantly different in H-2K k -exposed versus control fetuses (P Ͻ 0.001; Student t-test; n NIMA-exposed ϭ 28 areas and n control ϭ 18 areas from four different E18.5 fetal spleens from at least two mothers). An average of 87 Ϯ 60 54.1 ϩ B cells per area was obtained in H-2K k -exposed spleens versus 280 Ϯ 152 in control animals, thus confirming the partial deletion of B cells specific for H-2K k in the spleen of NIMA-exposed fetuses. The deletion observed in spleen sections was more important than the one shown by flow cytometry. This may result from the low intensity of the 54.1 immunocytochemical staining in spleen sections of NIMA-exposed animals, leading to false negatives, and from differences in the sensitivity of the two techniques.
Impaired Proliferation and Caspase-3 Activation in B Lymphocytes from H-2K k -Exposed Fetuses
We then asked whether this B cell deficit in H-2K k NIMA-exposed fetuses was due to impaired cell proliferation or to cell death. BrdU was given to mothers in drinking water, and BrdU incorporation was measured in fetal liver and spleen B220 ϩ cells from control and NIMA-exposed fetuses (Fig. 3A) . Proliferation of B220 ϩ cells recovered from E18.5 fetal liver was not impaired in H-2K k NIMAexposed fetuses compared with controls. In contrast, the percentage of B220 ϩ cells, which had incorporated BrdU in E18.5 spleens of H-2K k NIMA-exposed fetuses, was decreased by 50% compared with controls (P Ͻ 0.001). This indicates that fetal spleen B cells proliferate less as a consequence of exposure to H-2K k NIMA.
We next measured the activity of caspase-3, which is one central mediator of apoptotic cell death, to find if increased apoptosis could be responsible for the B cell deficit observed in H-2K k NIMA-exposed animals. This activity was measured in liver and spleen B220 ϩ cells, using DEVDrhodamine, a substrate containing the preferred caspase-3 recognition site and cleaved by caspase-3. This reagent can be used in intact cells and the cleavage activity can be measured by flow cytometry. It has been previously used and validated by Sandel et al. [38] . No difference in caspase-3 activity was observed in B220 ϩ fetal liver cells from H-2K k NIMA-exposed and control fetuses (Fig. 3B) . In contrast, caspase-3 was activated in twice as many B220 low and B220 high splenic cells from H-2K k NIMA-exposed fetuses than controls (P Ͻ 0.01; Fig. 3B ). These results showed that a significant fraction of splenic B cells does not proliferate and die by caspase-3-dependent apoptosis in fetuses exposed to H-2K k NIMA. Thus, when the NIMA is bound with high avidity by the 3-83 Tg BcR, this can impair B cell proliferation and induce a clonal deletion in spleen Tg B cells from late gestation fetuses.
B cells can use another mechanism, called receptor editing [39] , to avoid deletion during the induction of tolerance to self-antigens. As the 3-83 BcR uses a light chain, a switch toward light chains was examined in fetal B cells. Extremely low percentages of B cells expressing light chains in liver and spleen of H-2K k -exposed fetuses as well as in control ones were found (data not shown). In late gestation, B cells did not use receptor editing to escape deletion in NIMA-exposed fetuses.
We wondered whether that tolerant state persists in older animals. No difference in the BcR-Tg B cell populations between animals exposed to H-2K k during gestation and lactation versus control ones was observed at 3.5 dpp, 8.5 dpp, or at weaning. The tolerant B cell phenotype was not maintained after birth. At 16.5 and 18.5 dpc, no effect of fetal exposure to H-2K b NIMA could be detected on the fetal liver and spleen Tg B cells. In contrast, at 8.5 dpp, the percentage of IgM ϩ IgD aϪ immature B cells increased both in the BM (ϩ50%) and spleen (ϩ72%) of NIMA-exposed animals, compared with control ones ( Fig. 4A ; P Ͻ 0.001). The percentage of IgM ϩ IgD aϩ mature B cells increased in the BM (ϩ29%) of experimental animals ( Fig. 4A ; P Ͻ 0.01). Numbers of B cells were similarly increased in NIMA-exposed animals (data not shown). This phenomenon was confirmed by flow b were analyzed by flow cytometry, after staining with anti-B220 and anti-BrdU antibodies. n NIMA-exposed ϭ 3 from 2 mothers, n control ϭ 4 from 2 mothers. ***, P Ͻ 0.001; Student ttest. B) BM and spleen B cells from 8.5-dpp 3-83 BcR-Tg H-2K d/d neonates exposed or nonexposed to maternal H-2K b were analyzed by flow cytometry, after staining with anti-IgM and anti-CD69 antibodies. n NIMA-exposed ϭ 12 from 4 mothers, n control ϭ 7 from 2 mothers. ***, P Ͻ 0.001; Student t-test.
cytometry analyses of B cells stained with anti-IgM and anti-idiotype and with anti-B220 (data not shown).
Mature B cells from BM and spleen displayed enhanced sIgM MFI, ϩ26% and 20%, respectively ( Fig. 4B ; P Ͻ 0.01), indicating that the density of sIgM on mature B cells from animals exposed to the H-2K b antigen was increased. This increase in B cell number, as well as in BcR density, suggests that neonatal Tg B cells exposed to a NIMA bound with a moderate affinity become activated.
At 3.5 dpp, a 44% increase in the percentages of BM immature B cells (IgM ϩ IgD aϪ ) was already observed in H-2K b NIMA-exposed fetuses compared with control ones (P Ͻ 0.01; data not shown).
These observations were confirmed when 8.5-dpp spleen cryosections were stained with the 54.1 anti-BcR mAb. Transverse (Fig. 4 , C and D) and longitudinal (Fig. 4 , E and F) sections show representative details of spleens from neonates exposed or not to the maternal H-2K b antigen during gestation and lactation. In control spleens (Fig. 4 , C and E), 54.1 ϩ B cells were contained within the B cell zone of the follicles and were absent from the periarteriolar lymphoid sheath containing T cells. In contrast, in NIMA-exposed neonates (Fig. 4, D and F), 54.1 ϩ B cells appeared to be more numerous in each follicle as well as scattered in the marginal zone and red pulp. Moreover, they were also clearly present in the T cell zone of the follicles. These observations strongly suggest that B cells specific for H-2K b are activated in NIMA-exposed neonates.
The mean number of 54.1 ϩ cells in 300-m ϫ 220-m areas was significantly increased in the H-2K b -exposed animals compared with controls for isolated B cells outside follicles as well as for follicular B cells (P Ͻ 0.001; Student t-test; n NIMA-exposed ϭ 105 areas and n control ϭ 114 areas from four different 8.5-dpp neonate spleens from at least two mothers). An average of 204 Ϯ 171 cells was counted in each area in H-2K b -exposed and of 128 Ϯ 121 in control spleens. This confirms the observation made in flow cytometry experiments, showing an increase of immature B cell numbers in the spleens of H-2K b -exposed animals. B220 ϩ cell proliferation was then checked by BrdU incorporation in BM and spleen (Fig. 5A ). B220 ϩ cells from H-2K b -exposed animals proliferate more actively in BM (ϫ4) and spleen (ϫ2) compared with control ones (P Ͻ 0.001). Moreover, the early activation marker CD69 was expressed in almost three times as many IgM ϩ B cells in neonates exposed to the H-2K b antigen than in control ones ( Fig. 5B ; P Ͻ 0.001). These observations confirm that offspring's B cells are activated when they recognize the NIMA with a moderate affinity.
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FIG. 6. H-2K
b NIMA-exposed B lymphocytes still display an activated phenotype at weaning. BM and spleen B cells from 3-83 BcR-Tg H-2K d/d 3-wk-old offspring exposed or nonexposed to maternal H-2K b were analyzed by flow cytometry, using anti-IgM and anti-IgD a antibodies. n NIMA-exposed ϭ 13 from 5 mothers, n control ϭ 17 from 5 mothers. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; Student t-test. A) Percentages of immature IgM ϩ IgD aϪ and mature IgM ϩ IgD aϩ B cells. B) The sIgM MFI on immature and mature B cells.
FIG. 7. Time course of B cell activation in H-2K
b NIMA-exposed neonates. The ratios of mature (black squares) or immature (white squares) B cell mean percentages from H-2K b NIMA-exposed versus control mice have been plotted according to the age of the animals, in bone marrow (A) and spleen (B). Likewise, the ratios of sIgM MFI from the same mature (black dots) or immature (white dots) B cell populations from H-2K b NIMA-exposed versus control mice have been presented. A ratio of 1 means NIMA-exposed and control values are identical. Data from 3.5-dpp (also described in the Results section), 8.5-dpp (also presented in Fig. 4 ) and 3-wk-old (weaning) mice (also shown in Fig. 6 ) have been compiled in this figure.
Activated Phenotype of H-2K
b NIMA-Exposed B Lymphocytes Is Still Clearly Seen at Weaning
As shown in Figure 6A , the percentage of IgM ϩ IgD aϩ mature B cells was augmented by 35% in the BM and by 24% in the spleen of H-2K b -exposed animals compared with control ones (P Ͻ 0.05). Moreover, the percentage of immature IgM ϩ IgD aϪ B cells was also increased by 55% in the spleen of NIMA-exposed animals (P Ͻ 0.01). A parallel alteration of B cell numbers was observed in NIMAexposed animals (data not shown) and was in agreement with the results of the IgM/idiotype staining (data not shown).
In H-2K b -exposed animals compared with controls, sIgM were upregulated on IgM ϩ IgD aϩ mature B cells in the BM and spleen (Fig. 6B) , as the sIgM MFI was increased by 25% and 32%, respectively (P Ͻ 0.001). The density of sIgM was augmented only on immature BM B cells (ϩ27% MFI, Fig. 6B ; P Ͻ 0.01). All these results show that the activation phenotype observed in neonates persists at least until weaning. The time course of B cell activation in H-2K b NIMA-exposed neonates is summarized in Figure 7 .
DISCUSSION
Our results on maternal cell passage into mouse fetuses show that 1) maternal cell transmission to the fetus is frequent in normal gestation, 2) maternal cells are detectable in fetal organs as early as E13.5, 3) they localize preferentially in the primary lymphoid organs, 4) a higher frequency of maternal cell passage is observed reproducibly in syngeneic and allogeneic matings than in outbred gestations, and 5) maternal cells persist until adulthood. Interestingly, adult organs harbor maternal cells more frequently than fetal organs. This observation suggests that maternal cells can engraft in primary lymphoid organs, preferentially bone marrow and thymus, in syngeneic and allogeneic breedings and bone marrow in outbred mice. Moreover, maternal cells influence the development of the fetus and neonate's immune system. B lymphocytes of 3-83 Tg fetuses exposed to H-2K k NIMA are subjected to tolerizing signals in late gestation as a result of high affinity recognition. In contrast, H-2K b , which is recognized with a moderate affinity by the BcR, activates postnatal B lymphocytes.
Great disparities in the frequency and localization of maternal chimerism have been previously reported in mice. Hunziker et al. [10] recovered maternal cells exclusively in the liver of 1% of fetuses, while Shimamura et al. [11] found maternal cells only in neonatal pooled spleens. In contrast, Piotrowski and Croy [12] showed that, in late gestation fetuses, maternal cells were found extensively throughout the bone marrow. Using EGFP-Tg mice, Zhou et al. [13] observed that, in late-gestation, fetal liver, thymus, and spleen contain maternal cells at frequencies comparable with ours, but when they used EGFP mothers for foster nursing only, maternal cells transferred via lactation were present transiently and had disappeared by Day 9. Previous work by Andrassy et al. [33] also suggests that both gestation and lactation are required to obtain a detectable NIMA influence on the progeny. Along the same lines, in our study, progenies were born from and nursed by EGFP-Tg mothers, and chimerism could still be detected in 40% to 70% of adult bone marrows. Accordingly, Marleau et al. [34] also detected Tg-maternal cells by PCR in the bone marrow of all outbred CD1 mice of 6 to 12 wk of age they studied. Moreover, it remains to be seen whether maternal cells acquired in utero have an improved capacity for long-term engraftment, as it has been shown that adult CD4 T cells transferred into 4 day neonates or older ones proliferate less actively than cells transferred earlier [40] .
The persistence of maternal cells in outbred offspring is consistent with the observation of Maloney et al. [28] that, in humans, HLA-mismatched maternal cells can remain in immunocompetent offspring during adult life. The presence of maternal cells or DNA in the umbilical cord blood is well known from studies designed to assess maternal contamination in cord blood samples used as a source of hematopoietic stem cells for transplantation [20] [21] [22] . The presence of CD34 maternal stem cells in cord blood samples suggests that some cells may engraft in the progeny [20] , as maternal cells are also able to migrate from the peripheral circulation to fetal and neonatal organs [17] . This raises several nonexclusive hypotheses: 1) in utero and postnatally, the immune system of the progeny is not mature enough to eliminate all maternal cells in MHC-disparate offspring and 2) as the fetus and newborn are immunologically immature, space is available for engraftment of hematopoietic stem cells. Hence, maternal cells can successfully compete with host cells for growth in the bone marrow and thymus environments. This is also the case in syngeneic or allogeneic pregnancies. Different studies have shown that a neonatal lymphopenic environment promotes the proliferation of adult cells [40, 41] .
Although some authors have proposed that maternal cells found in the offspring may include lymphocytes [13, 34] , no clear evidence was obtained in immunocompetent mice. Arvola et al. [42] showed that maternal Ig-secreting cells can be transmitted to B cell-deficient offspring. To the best of our knowledge, we show for the first time in mice that maternal mature immune cells, including B and T lymphocytes and NK cells, are present in the lymphoid organs of a normal progeny. This raises the important question of the influence of maternal cells, bearing antigens noninherited by the offspring, on the development of the fetal and neonatal immune system.
In human transplantation, Claas et al. [31] reported that half of highly sensitized patients, waiting for a renal allograft, produce antibodies to their noninherited paternal HLA antigens (NIPA) but not to their NIMA. The authors hypothesized that NIMA-bearing cells, gaining access to the child during pregnancy or breast feeding, could induce a partial, but lifelong, tolerance in some individuals. Whether such an exposure to NIMA is of clinical benefit to patients who later receive an allograft was studied in the outcome of kidney transplantations between haplo-identical siblings. Burlingham et al. [32] found similar long-term graft survival when kidneys were donated either by a haploidentical sibling mismatched for the NIMA haplotype or by an HLA-identical sibling. This phenomenon was not observed when kidneys were donated by a haplo-identical sibling mismatched for NIPA. An active mechanism of immune suppression would then be involved in the NIMA influence.
Although these studies and others [43] [44] [45] [46] support the hypothesis that exposure of fetuses and neonates to NIMA has a life-long influence on the individual immune system, the cellular and molecular basis of this phenomenon remains unclear. In humans, Moretta et al. [47] showed that the stimulation of cord blood lymphocytes with paternal cells leads to the expansion of CD3 ϩ /CD8 bright T cells, a phenotype associated with alloreactive CTL, while maternal cells stimulate the expansion of CD3 Ϫ /CD8 dim cells, a phenotype associated with NK cells. They hypothesized that tolerance is rather due to regulatory cells than to the deletion of NIMA-reactive cytotoxic cells. Recently, Andrassy et al. [33] described a NIMA effect in normal mice. More than half of the mice exposed to noninherited maternal H-2 d allo-antigens tolerated H-2 d -bearing heart or skin grafts much longer than control animals. Moreover, this NIMA effect would result from a profound inhibition of allo-specific T cell responses in the offspring rather than to immune deviation or deletion.
The present work addresses the question of the NIMA influence on the B cell compartment. For this purpose, we have used a BcR-Tg model that enabled us to precisely follow the NIMA-specific B cell populations. The 3-83 BcR-Tg mice are nearly monoclonal, with all B cells recognizing the H-2K k,b antigens used as NIMA. Moreover, this model provides the possibility to test the effect of differences in NIMA binding affinities on the developing B cells.
When the offspring's B cells have a high affinity for the NIMA, a partial deletion of B cells and a modulation of the BcR in late gestation fetuses were observed. Interestingly, splenic B cells specific for NIMA showed an impaired proliferation in addition to sIgM downregulation and expressed a high level of active caspase-3, suggestive of death by BcR cross-linking-induced apoptosis. These results suggest that fetal B cells exposed to NIMA display a state of tolerance. In adult BcR-Tg mouse models, clonal deletion and anergy have been shown to be major mechanisms in establishing central [48, 49] and peripheral [37, 50] tolerance to self-antigens. In our experiments, immature and subsequently mature NIMA-specific B cells are deleted from fetal liver and spleen, suggesting that they have encountered NIMA in these different tissues. This agrees with the fact that we found maternal cells in fetal liver and spleen. Surprisingly, fetal liver B cells are deleted in NIMA-exposed animals, without any clear evidence of lower BrdU incorporation or increased caspase-3 activation. We have no explanation for this observation, except that our assays might lack the proper sensitivity or specificity required for fetal liver B cells. Previous studies have shown that deletion is more likely to occur when B cells bind multivalent membrane-bound antigens than mono or oligomeric soluble antigens [51] . This suggests that cell-borne NIMA is at least partially responsible for the deletion observed. However, we cannot exclude that soluble or membrane-associated NIMA may also play a role.
Receptor editing [39] is another major mechanism by which B cells can escape autoreactivity by changing their specificity through Ig light chain secondary rearrangements. In the present work, we found no evidence of such a mechanism, as very few idiotype-negative IgM-positive cells and no B cells were detected. This may be due to the fact that we used Tg mice, where the transgene is not integrated in the Ig gene locus, thus preventing secondary rearrange-ments. Much higher frequencies of receptor editing have been shown in knock-in Tg mice [52] as well as in normal mice [53] compared with Tg mice.
As reported by Andrassy et al. [33] , we have observed a significant degree of variability among NIMA-exposed fetuses and neonates. This may be a direct consequence of differences in the frequency of maternal cells gaining access to each fetus, as shown in the first part of the present study. In the 3-83 mouse model, Lang et al. [54] pointed out that the extent of clonal deletion in B cell self-tolerance is linked to the frequency of antigen encounter. Using mixed BM chimeras, they showed that deletion was complete in peripheral lymphoid organs when approximately one third of the cells expressed the antigen. With a lower frequency, the extent of the deletion was diminished, but a partial deletion was still observed in chimeric mice with antigen-bearing cell frequencies below the detection level of 0.1%. In recipients with incomplete deletion, most of the remaining idiotype-positive cells expressed reduced levels of sBcR, suggesting that they had encountered antigen. These observations are fully consistent with our results, where antigen-bearing maternal cells are very rare. Variations among individual mice have also been observed in a BcR-Tg model where B cells are autoreactive to erythrocytes [55] . Our results are also in line with the study by Claas et al. [31] , where only about 50% of the patients were tolerant to NIMA and did not produce antibodies.
In contrast, when the NIMA is recognized with lower affinity by the offspring's B cells, we have observed a very different situation of B cell activation, including increased B cell numbers in bone marrow and spleen as detected by flow cytometry and section immunostaining, increased proliferation of B cells, upregulation of sIgM, expression of CD69, and invasion of T cell follicular zone by B cells in the spleen. This situation is seen only from birth. Such an activated phenotype has been observed in anti-doublestrand DNA Tg B cells [56] . Consequently, the BcR affinity for the NIMA plays a major role both in the timing and quality of the response induced by the interaction. Remarkably, this situation is very different from B cell tolerance induction to self-antigens where ultralow affinity membrane-bound antigens are able to induce full central tolerance in autoreactive B cells [57] .
Extrapolating from the study by Andrassy et al. [33] , we would speculate that the state of tolerance induced during B cell development is likely to persist in a significant fraction of NIMA-exposed animals. On the other hand, the B cell activation triggered by low-affinity NIMA ligand might create an autoimmune-prone environment in the adult progeny [56] .
